We have shown previously that the gain of the horizontal vestibulo-ocular reflex (HVOR) is modified by afferent signals from extraocular muscle proprioceptors in the decerebrate pigeon. We have now analysed the variability of the HVOR in intact, alert pigeons and, using the artificial vestibulo-ocular reflex method, have found that in all of the pigeons tested afferent signals from the extraocular muscle proprioceptors modify the gain, but not the phase, of the HVOR. While this effect was seen in a given bird only on some occasions, when present it was consistent in magnitude and direction and closely similar to our previous observations on decerebrate pigeons. These results from alert, intact birds strengthen the evidence that extraocular muscle afferent signals play a part in the control of the vestibulo-ocular reflex.
Introduction
The extraocular muscles (EOM) which move the vertebrate eye in the orbit contain stretch receptors in many, perhaps all, vertebrate species (Maier, Desantis & Eldred, 1974) . EOM afferent signals reach many areas in the nervous system concerned with processing of visual information including the primary visual cortex (Buisseret & Maffei, 1977; Ashton, Boddy & Donaldson, 1984) , lateral geniculate nucleus (Donaldson & Dixon, 1980; Lal & Friedlander, 1990a,b) , superior colliculus (Abrahams, 1979; Batini & HorcholleBossavit, 1979; Donaldson & Dixon, 1980) and optic tectum (Knox & Donaldson, 1995; Knox & Whalley, 1997) . Actions of the signal on the visual system are well reviewed by Buisseret (1995) .
Sherrington's view (Sherrington, 1918) was that proprioceptive signals carried by the EOM afferents were involved in oculomotor control as well as in the construction of egocentric space but this has more recently often been disputed or denied (for example Robinson, 1981; Carpenter, 1988) . However, there is now a good deal of evidence that EOM afferent signals are involved in oculomotor control. Manipulation of the EOM afferent signal leads to alterations in the vestibulo-ocular reflex (VOR) in the rat (Gauthier, de' Sperati, Tempia, Marchetti & Strata, 1995) and removal of the signal leads to instability of the cat eye in the dark (Fiorentini & Maffei, 1977) , to disruption of the rabbit VOR (Kashii, Matsui, Honda, Ito, Sasa & Takaori, 1989) and to both instability of the eye at rest and disruption of the VOR in the decerebrate pigeon . The decerebrate pigeon has proved a particularly fruitful preparation in which to study effects of EOM afferents and we now know something of both the primary afferent pathway from the EOM receptors to the brain and of the types of signal that it carries (Fahy & Donaldson, 1998) in this species. EOM afferent signals play an important role in the vestibular control of eye movement, particularly in the horizontal vestibulo-ocular reflex (HVOR). We have shown, in a series of experiments on the decerebrate pigeon, that EOM afferent signals modify the vestibular responses of central neurones in the vestibular (Donaldson & Knox, 1990b) , abducens and oculomotor nuclei (Donaldson & Knox, 1990a) ; they also affect the activity of individual EOM during the HVOR and alter the final output of the system, the slow-phase eye movements of the HVOR (Knox & Donaldson, 1993a; Fahy & Donaldson, 1996) . In the decerebrate pigeon the actions of these signals seem to cause corrective changes from moment-to-moment at the level of central neurones (Donaldson & Knox, 1993) , on the contraction of the eye muscles and on movements of the globe , 1993a , 1994 Fahy & Donaldson, 1996) . Some considerations of the pigeon as an experimental model for the study of the VOR can be found in Hayman and Donaldson (1997) .
Apart from a few pilot experiments on the human HVOR which also suggested a role for EOM afferent signals in the control of VOR gain (Knox & Donaldson, 1993b ), all our detailed information has come from experiments on the decerebrate pigeon. The question thus arises whether EOM afferent signals modify the HVOR in alert, intact pigeons, in which many more complex interactions are to be expected between the sub-systems that determine HVOR output for a given set of input signals. We also wished to know if any effects were similar in quality and extent to those in the decerebrate bird. It soon became apparent that the HVOR was much more variable in the alert, intact, bird than in the decerebrate. While the HVOR in the intact pigeon has been examined previously (Anastasio & Correia, 1988; Gioanni, 1988b ) the variability of the responses between birds and between repeated observations on the same bird on different days has not been reported. We therefore examined HVOR variability in intact, alert, pigeons as a prelude to an investigation of the effect of EOM afferent signals on the HVOR of the same birds.
Methods
Experiments were carried out in accordance with licences issued by the UK Home Office under the Animals (Scientific Procedures) Act 1986 and the birds were housed under conditions complying with the guidance issued in association with the Act.
The preparation
Six adult pigeons (Columba li6ia) from our own breeding colony were used. Pigeons were anaesthetised by intramuscular injection of ketamine 75 mg/kg and xylazine 4.5 mg/kg (Vetalar, Parke Davis and Virbaxyl, Virbac, respectively) supplemented by further intravenous doses of ketamine if required. The cranial vault was exposed and two short stainless-steel self-tapping screws placed in the cancellous bone, one anterior and one posterior to the vault covering the forebrain. The head of a 4 mm cheese-headed nylon screw previously ground down to a thickness of about 1 mm was attached to the skull between the steel screws with dental acrylic resin. More dental acrylic was applied in layers over the steel and nylon screws building up a mound from which the thread of the nylon screw protruded roughly normal to the vault of the skull. All the exposed bone was covered. The skin edges were allowed to retract around the base of the mound. Finally, a nylon nut was screwed down the protruding thread to make firm contact with the acrylic mound, the pigeon was given an analgesic (Carpofen 2.5 mg; Zenecarp, C-Vet) intramuscularly, and placed in a recovery cage.
Measurement of eye mo6ement
Eye movements were recorded using the magnetic search coil method (Robinson, 1963) as modified by Remmel (1984) . Pigeons were allowed to recover for at least 2 weeks before an eye coil was implanted. Under anaesthesia as above, plus local anaesthesia of the eye, (amethocaine 1.0%; Minims, Smith & Nephew), precalibrated, insulated stainless steel wire coils, 10-12 mm in diameter, were inserted in the right eye. Coils were manoeuvred into place below the nictitating membrane and when properly placed were invisible with the eyelids unretracted; it was not necessary to fix coils to the globe. The coil leads were passed subcutaneously to a connector previously attached to the mound of resin. All exposed wire was carefully covered with acrylic resin; this was essential to protect it from attack by the bird's aviary-mates. A few days were allowed to elapse before the first recording. Implanted coils were well tolerated and remained in place for many weeks or months in most birds provided there was no exposed wire. Occasional conjunctivitis responded quickly to local application of fusidic acid ointment 1%; (Fucithalmic, Leo) .
Previous tests of the coils in decerebrate pigeons had shown that simultaneous records of horizontal eye movement with a scleral coil as described above and with a coil attached to the same eye by the method of Wallman, Velez, Weinstein and Green (1982) were closely similar, with the scleral coil giving better resolution of the fast phases and oscillations. The slow phases were identical with both coils.
The field coils were mounted on a horizontal vestibular turntable. The pigeon's head was positioned at the centre of the field coils, using a non-ferrous (Tufnol) rod whose lower, threaded, end was screwed to the nylon screw implanted on the head. The beak pointed 40°down from earth horizontal to bring the horizontal semicircular canals into the horizontal plane (Anastasio & Correia, 1988; Erichsen, Hodos, Evinger, Bessette & Phillips, 1989) . The pigeon was gently restrained in a horizontal plastic tube which held the wings closed. Only horizontal movements of the right eye were recorded.
Horizontal 6estibulo-ocular reflex (HVOR)
The vestibular turntable was driven and eye movement data were collected using a CED1401 Plus (Cambridge Electronic Design Ltd., Cambridge, England). The right eye-position signal, band limited at 320 Hz, was sampled at 4 kHz with 12 bit precision; from this raw data a signal was built representing eye movement during exactly one cycle of oscillation and containing 250 bins. The method was similar to that used previously for EMG signals but without rectification (see Hayman & Donaldson, 1997) . Fast-phases and oscillations were then removed on-line as described in Appendix A and the resulting reconstructed signal of slow-phase eye movement was added to a running average to build a cycle histogram. Usually the results of eight stimulus presentations were averaged for each histogram.
For studies on the HVOR alone, sets of eight such cycle histograms were constructed at each frequency studied. Signals of table-position (and thus head-position) were also recorded. An interleaved method was used (Donaldson & Knox, 1990b so that the eight histograms provided samples of the average slowphase signal collected effectively simultaneously. The data were stored on computer disk for further analysis off-line as described below. In addition eye-position and table-position signals were recorded continuously on a digital tape-recorder (bandwidth DC-14 kHz) for later manual analysis.
Studies of the effect of EOM afferent signals on the gain of the HVOR
The artificial VOR (AVOR) technique was used (see Ashton et al., 1984; Donaldson & Knox, 1990b) in which imposed movements of the left eye (IEM) were used to induce signals from the EOM proprioceptors during the HVOR. Movements were imposed using an opaque cup held firmly by suction to the locally anaesthetised (lignocaine 0.5%) surface of the left eye. The cup carried a stalk that engaged the arm of an electromagnetic, servo-controlled device, movement of which imposed horizontal sinusoidal movements of known amplitude and velocity on the left eye (Donaldson & Knox, 1993) . Eight interleaved cycle histograms were constructed of the slow-phase movements of the right eye. In AVOR experiments the set of histograms recorded the slow-phase eye movement of the right eye during combinations of horizontal table oscillation and sinusoidal movement of the left eye. The imposed eye movements were always such that the eye was moved in antiphase to the head; that is, they mimicked the phase of a 'compensatory' VOR but the imposed eye-velocity was greater than, approximately equal to, or less than that required to give an HVOR gain of unity. The eye movement data were recorded on disk for later analysis together with signals of head (table) position and of left eye-position for each of the eight histograms; see Appendix A for details of the analysis.
Off-line processing of tape-recorded data
The tape was replayed off-line into the analogue-todigital converters of a 1401 Plus interface controlled by a PC running the Spike2 for Windows program (Cambridge Electronic Design Ltd). The eye-and head-position signals were sampled at 100 Hz for periods of 2 min and the resulting digital data were stored as files in the format appropriate for further analysis using Scripts running under Spike2 as described in Appendix A.
Results

Fig. 1c shows a typical raw eye-position trace and (a)
shows the manually-reconstructed slow-phase trace, recorded during sinusoidal horizontal oscillation at 0.4 Hz, 9 2.9°, in the normally-lit laboratory. It is clear that the signal contained slow and fast eye-movements and the frequent bursts of oscillation observed in birds (Wallman & Letelier, 1993) . Fast-phases and oscillations must be removed to allow the slow-phase horizontal vestibulo-ocular reflex (HVOR) to be reconstructed. Trace (b) shows the corrected eye-velocity in which fast-phases and oscillations have been identified by inspection, excised and replaced by linear interpolations. The top trace (a) shows the estimate of slowphase eye-position reconstructed by integration of the corrected velocity. Inspection of traces (a) and (d) indicates a slow-phase gain of approximately 0.9 in this example and a phase very close to 180°. Best-fitting sinusoids at the frequency of oscillation were fitted to the average of a number of cycles of reconstructed slow-phase, and to the signal of table (head) position; gain and phase of the slow-phase HVOR were then calculated. We compared the results of automatic and manual fast phase removal and found that the same conclusions result from the statistical analysis of the outcomes of both methods (see Appendix A for details of fast phase removal).
Frequency response
The frequency response of the HVOR of the right eye was examined over the range 0.2-2.0 Hz in the light and dark using stimuli adjusted to produce constant amplitude of oscillation across the frequency range. Two pigeons, T and G, were studied in detail with a few observations on a third. In the light the surroundings of the laboratory were visible to the bird; thus there was a 'structured visual environment'. Fig. 2 shows the relation of slow-phase HVOR gain and phase to frequency of oscillation in the light and in darkness in pigeon T. Fast-phases and oscillations were removed automatically during data collection. In the light the gain was fairly flat at about 0.7 from 0.2 to 1.0 Hz then rose to a little over 0.9 at 2.0 Hz. The phase remained close to 180°up to 0.5 Hz then fell to about 130°at 2.0 Hz. In the dark the gain curve followed that in the light but at rather lower values (0.6 at 0.2 Hz and 0.8 at 2.0 Hz). In the dark there was rather more phase shift from 180°at low frequencies and, as in the light, there was a fall between 1.0 and 2.0 Hz. Though the change in gain with frequency was not large, linear regression analysis shows that there was a significant trend for gain to rise with frequency both in the light (P= 0.002) and dark (P= 0.0002). Similarly there was a significant trend for phase to fall with frequency both in the light (PB 0.0001) and dark (P= 0.003). 
HVOR gain in the light and dark in four pigeons
are 0.4989 0.0070 (S.E.M.) in the light (n = 350) and 0.4549 0.0066 (S.E.M.) in darkness (n= 344).
Comparison of the HVOR gain and phase in two pigeons at a single frequency
Because of the considerable variability in these four birds we undertook a detailed comparison, with a balanced design, between the HVOR gains of the two pigeons T and G (the frequency plot of T is described above). Two observations of the HVOR slow-phase gain and phase of the right eye were made in both the light and the dark on each of nine days in each of the two pigeons using automatic and manual removal of the fast-phases and oscillations. This gave a total of 576 observations made up of four sets of 144 values, one set in the light and one in the dark for each pigeon. The complete data set was examined using a four-way analysis of variance; the ways were 'pigeon' (T or G), 'condition' (light, L or dark, D), 'run' (one or two) and 'experiment' (nine values, A to I). The results are summarised in Table 1A from which it can be seen that there are significant effects between pigeons, between light and dark, and between experimental days. The order of data collection (first or second) did not produce a significant effect. Analysis of variance of the phase data (Table 1B ) showed significant differences between birds (PB 0.0001) and experiments (PB 0.0001) with some evidence of difference between data collections (P= 0.039) but not of difference between light and dark (P= 0.941). Though statistically significant, the difference between the grand means for the pigeons was not large; the mean phase was 176.9 9 0.46°(S.E.M.) for T and 170.69 0.35°(S.E.M.) for G.
The most important result for the present purposes is the confirmation that pigeons differ significantly in their overall HVOR gain and that the gain is very variable in a given bird from day to day. It was also apparent from watching the signal as the data were collected that, in many experiments, the HVOR gain varied from moment to moment though we did not analyse this variation statistically.
Tests of the effects of EOM afferent signals using the Artificial VOR (AVOR)
To manipulate the EOM afferent signal, sinusoidal movements were imposed on the left eye of five pigeons during horizontal sinusoidal oscillation at 0.4 Hz so that the left eye was moved either faster or more slowly than was appropriate to maintain stability of the retinal lesser extent between results in light and dark. The data were subjected to two-way analysis of variance, of unbalanced design (because there are unequal numbers of observations for different pigeons), with 'pigeon' as one way and 'condition' (light or dark) as the other. Pigeons differed significantly (all P values B 0.0001) in their HVOR gains; light and dark differed in their effect on the gain and there was significant interaction between pigeon and condition -that is, different pigeons reacted differently in their HVOR gain to light and dark. To allow comparison with previous authors' reports the grand mean gains, averaged across the four pigeons, in light and dark were calculated giving 0.50 9 0.015 (S.E.M.) in the light (n = 78) and 0.469 0.012 (S.E.M.) in darkness (n= 72). The mean gains averaged across all experiments in all six pigeons (that is, including the data set from the experiments described below) image (AVOR technique, see methods). Two amplitudes of table movement were used, 9 9.9 and 9 3.0°w ith corresponding maximum head velocities of 9 24.9 and 9 7.5°/s.
Either three or six sets of data were collected in each experiment; each set yielded values of the HVOR slowphase gain of the right eye with either seven or eight different IEM velocities. Because the HVOR gain was very variable in these intact birds the values from the three or six data collections were pooled for each experiment to increase the sample size. The pooled values of gain were plotted against the peak IEM velocity and linear regression analysis was applied. In each of the five pigeons tested, regression slopes significantly different from zero (PB 0.05) were obtained in one or more data collections in at least one experiment. Fourteen of the 47 experiments (30%) yielded slopes significantly different from zero for the pooled gain results. The slope was always negative; as the velocity of IEM increased, gain of the HVOR decreased. The results were similar with both amplitudes of table movement. In clear distinction to the case of gain, there was no evidence of a consistent effect of velocity of imposed eye movement on the phase of the HVOR of the free eye.
The slopes and intercepts of the 14 regression lines from all the AVOR experiments in which the slopes of the regression lines were significantly different from zero (PB 0.05) were compared using analysis of covariance (Zar, 1984) . The slopes did not differ significantly (P= 0.59) although the intercepts were significantly different (P B 0.0001) as expected from the different overall gains of different pigeons. Thus the relation between HVOR gain in the right eye and velocity of IEM on the left eye can be represented by a group of parallel lines with a common slope of − 0.0057. To facilitate comparison with our previous work we expressed the present results as gain ratios using the Y-intercept of each regression to provide the estimate of the gain with no IEM. Again the slopes did not differ statistically (P =0.92) and the slope of the relation between gain ratio and IEM velocity can be represented by the pooled value of − 0.011; see Fig. 4 .
Discussion
The gain and phase of the slow-phase HVOR in the intact pigeon
We found the slow-phase HVOR gain and phase of the intact pigeon to be variable between birds and between observations on the same bird on different occasions; these effects were statistically significant ( Table 1 ). The gain measured in darkness was statistically significantly less than that in the lit laboratory but the difference was small. Gioanni (1988b) also found little difference in the gain of the pigeon HVOR in the light and dark. Though the pigeon has optokinetic nystagmus its gain at 0.4 Hz is only about 0.1 even with binocular stimulation (Gioanni, 1988a) . Thus it seems that the visual contribution to eye movements during the pigeon HVOR in the light is small at the frequency at which most of our observations on the HVOR were made. The HVOR phase did not differ significantly in the light and the dark.
Detailed comparison of our results with those of previous reports is difficult because many of the previous measurements were made on pigeons 'aroused' with amphetamine and the reports contain little information about the variability of the gain. Anastasio and Correia (1988) found 'frequency dependent' HVOR gains in the dark to be: normal pigeon 0.349 0.12 (S.E.M.); pigeon aroused with amphetamine (3 mg/kg), 0.6090.13 (S.E.M.). Gioanni (1988b) used only pigeons aroused with amphetamine (1 mg/kg) and reported HVOR gains close to unity both in darkness and in the lit laboratory. The values from our results that can most appropriately be compared to these reports are the grand means of 0.49890.007 (S.E.M.) for 350 pooled observations in the light and 0.45490.007 (S.E.M.) for 344 measurements in the dark. But our results show so clearly that there are large variations between birds and between experiments on an individual that these overall values are of little value in predicting the gain of an individual bird on a given occasion. It is also not clear how results in normal birds should be expected to compare to those in amphetamine-aroused birds.
The frequency responses over the range 0.2 -2.0 Hz in the two pigeons tested were broadly similar to those of Anastasio and Correia (1988) who tested over a wider frequency range. We found some evidence of increase in gain and decrease in phase with increasing frequency both in light and dark (Fig. 2) . Our main object was to confirm that results at 0.4 Hz -the frequency at which the AVOR experiments were performed -would lie in a representative range; the results confirm this.
We have made no attempt to test the validity of any theoretical model or transfer function for the HVOR; discussion of such tests for the pigeon and comparison with other species can be found in Anastasio and Correia (1988) .
Effects of EOM propriocepti6e afferent signals on the HVOR
We have described previously (Ashton et al., 1984) the advantages of using passive movements imposed upon the eye as a means of inducing afferent signals from the EOM proprioceptors and the use of the artificial VOR (AVOR) as a means of imposing known errors in the EOM proprioceptive signal (Donaldson & Knox, 1993; Knox & Donaldson, 1994) . Using the AVOR method we have been able to show the effects of the EOM afferent signals -more strictly of their disturbance -on the behaviour of single units in the vestibular, abducens and oculomotor nuclei (Donaldson & Knox, 1993) , on the activity of individual EOM during the HVOR and on movements of the globe during this reflex (Knox & Donaldson, 1993a) . All of this work was carried out on the decerebrate pigeon, unanaesthetised except for local anaesthetic on the surface of the eye on which movements were imposed. Important confirmation of the EOM receptors as the source of the afferent signal in these experiments is the abolition of the effects of movements imposed on one eye when the ophthalmic branch of the trigeminal nerve (VOphth) is sectioned intracranially (Hayman, 1994; Fahy & Donaldson, 1996) . We have shown that, in the pigeon , as in other animals (see Spencer & Porter, 1988; Porter & Donaldson, 1991) the EOM primary afferents run in VOphth to the trigeminal ganglion.
The present results confirm that changes in the EOM afferent signal from one eye can affect the gain of the HVOR measured in the other eye in the intact, alert pigeon. This effect was observed on at least one occasion in each of the five birds tested with the AVOR method. Because it was clear that the HVOR gain was very variable three or six collections of data in the same AVOR experiment were pooled to provide larger samples. In 14 of the 47 AVOR experiments there was a statistically significant (P B 0.05) effect, using the pooled samples, as judged by the regression of the HVOR gain of the right eye on peak IEM velocity of the left eye. It is notable that, in these 14 experiments, the slope of the regression was always negative; indeed, in none of the 47 experiments was the slope of the regression line positive and statistically significantly different from zero.
In our earlier experiments on single units and on the EMG of individual eye-muscles, the effects of the EOM afferent signal could not be expressed directly in terms of VOR gain. We therefore plotted the results of the AVOR experiments as the ratio of the output during IEM to the output when no IEM was applied. For comparison, we have expressed the current results as a gain ratio by using the Y-intercept of the regression line of HVOR gain on IEM velocity as an estimate of the HVOR gain with no IEM. The pooled slope of −0.011 for the relation between HVOR gain ratio and IEM velocity (Fig. 4) corresponds extremely well with the slopes, all close to − 0.01, found in the decerebrate pigeon both in the experiments on single units (Donaldson & Knox, 1993) and in those where eye-movement was studied (Knox & Donaldson, 1993a , 1994 Fahy & Donaldson, 1996) . Thus the direction and characteristics of the relation are the same in alert as in decerebrate pigeons; that is, the slope is always negative so that increasing velocity of IEM leads to a fall in the output of the system -in this case to a fall in HVOR gain -and this fall is similar in both preparations. This result suggests that when the EOM afferent signal indicates that the eye is moving more slowly than compensation requires (i.e. peak slow phase eye speed is lower than peak head speed) the system responds by increasing HVOR gain. When the eye is moving more quickly than required HVOR gain is decreased.
We found little evidence of an effect on HVOR phase. This result confirms our earlier observations on the decerebrate pigeon in which, though individual AVOR experiments sometimes showed some phase effects, there was no evidence of a consistent effect on phase either on single units in the vestibular or abducens nuclei (Donaldson & Knox, 1993) or on the HVOR (Fahy & Donaldson, 1996) .
Why is the effect of EOM afferent signals on the HVOR gain only detectable in some experiments?
The overall output of the pigeon HVOR is influenced by several interacting factors of which the vestibular stimulus and the EOM afferent signal are only two. Collewijn (1989) has argued persuasively that the VOR should not be conceived as a separate unit of oculomotor behaviour but is rather the response of the oculomotor system to various inputs, external and internal, that make up the whole spatio-temporal context in which eye movements are made. We could only control the vestibular and EOM afferent inputs and had little control over other aspects of the 'behavioural context' such as the state of arousal or attentional priorities of the pigeons. These will have varied from time to time and experiment to experiment and will have affected VOR gain (for examples see Collewijn, 1989 ). Thus it is perhaps not surprising that in intact, alert pigeons the context was only appropriate to reveal the effect of the EOM afferent signals on some occasions. That suitable contexts are not just random collections of events is strongly suggested by the finding of the EOM afferent effect in all the pigeons tested. When present, the effect of EOM afferent signals was of a rather standard size and was virtually identical to the effect in the decerebrate pigeon where it was present in almost every experiment. This suggests that the effects of the afferent signal are consistent and are either unequivocally detectable, if the context is appropriate, or undetectable, if it is not.
The results of these experiments in alert pigeons thus further strengthen our suggestion that signals from the proprioceptors of the EOM are likely to act in the control of (at least the horizontal) VOR from momentto-moment. Our results also emphasise that this signal is only one of those which interact to determine the size of the output that produces the slow-phase VOR when the intact organism is exposed to the same vestibular stimuli on different occasions.
For the data derived from the tape records, the fast-phases and oscillations were identified manually by examining the raw eye-position signal and its first derivative (eye-velocity) on the computer display produced by running a Script (program) written for the purpose within Spike2 for Windows. Briefly, the appropriate portions of the velocity signal were deleted and replaced by linear interpolations; integration of the resulting signal followed by averaging yielded the estimate of slow phase eye-position. Fig. 1 shows an example of raw and manually-processed data.
The computer program that controlled the experiments removed the fast-phases and oscillations on-line in both the VOR and AVOR experiments. For the former, results were available for data processed both manually and automatically but for the AVOR only automatically-processed results were available. The automatic method was a modification of that described by Barnes (1982) ; it used the second derivative (eye acceleration) of the raw data to identify the start and finish of regions to be removed then replaced the corresponding part of the velocity signal (derived by numerical differentiation of the raw position signal) by a linear interpolation. Integration of the 'corrected' velocity signal then provided an estimate of the slow-phase position which was added into the running average as described in Section 2.3. The data were stored on disk as binary integers and were also plotted to guide the experimenter. Later the AVOR results were re-read into an analysis program written to match that which collected the data and were re-exported as ASCII files of averaged slow-phase right eye-position, of head-position and of position of the left eye on which movements had been imposed. Sinusoids were then fitted to ASCII files from the manual and automatic processes in the following way.
Matlab version 5.2 (The MathWorks Inc.), was used to fit sinusoids of the stimulus frequencies used in the experiments to the estimates of slow-phase right eye-position, head-position and, for the AVOR experiments, position of the left eye. Matrix methods were used to give a least-squares solution to the over-determined data. The amplitudes and phases of the best-fitting sinusoids then provided the slow-phase gain (right eyeposition/head-position) and phase (phase of head sinu-soid-phase of right eye sinusoid). From the amplitudes of the fitted sinusoids for imposed eye-movement the peak velocities of the imposed movements were calculated. Various statistical analyses were performed as described in Section 3; with the exception of the analyses of variance these used the program PRISM3 (GraphPad Software, Inc); for analyses of variance the ViSta statistics program developed by Young (1996 Young ( , 1999 was used.
